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ABSTRACT

Polyether ether ketone (PEEK) is widely regarded as a high-performance thermoplastic
material due to its desirable properties, including a high strength to weight ratio and excellent
chemical stability. However, a practical challenge to working with PEEK is that its chemical
resistance and inertness make the adhesion of functional coatings to PEEK surfaces quite
difficult. To this end, we have developed a method for promoting adhesion between PEEK and a
thermoset epoxy coating by introducing a reactive and mechanically robust polymer layer at the
interface, which bonds with both the substrate and the coating.

Our process involves pre-treatment of PEEK using mechanical abrasion and an
environmentally friendly chemical etchant capable of increasing reactivity/polarity. This process
introduces oxygen-containing functional groups at the surface that act as anchor points for the
polymer interlayer. Polyglycidyl methacrylate (PGMA) and various PGMA-based copolymers
were selected as interlayer materials due to their multiple epoxy functionality and are applied to
the PEEK surface via dip coating. The interlayer swells and co-cures within the epoxy resin as it
is used, forming strong bonds with both the substrate and the epoxy coating. The result is a
significant increase in adhesive strength when compared to the untreated PEEK-epoxy interface.
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CHAPTER 1
INTRODUCTION

The main goal for this study has been to develop approaches to interfacial engineering of
thermoplastic-thermoset bonding via the generation of reactive and mechanically robust
interphase at the boundary of the materials. This research project was born out of a desire to
further the body of knowledge addressing strategies for modifying advanced thermoplastic
materials to make them more suitable for adhesive bonding. This thesis will discuss a particular
thermoplastic, polyether ether ketone, more commonly referred to as PEEK, and the efforts we
made to make this material more amenable to adhesive bonding with epoxy. At present, PEEK is
a valuable polymer, used only in the most demanding engineering applications, which require
high tensile strength and resistance to corrosive or energetic environments.
The primary sponsor of this work is interested in PEEK as an aerospace material, where
its high strength-to-weight ratio and wide range of operating temperatures make it a suitable
candidate when replacing heaver structures that would traditionally be made of steel or
aluminum. Another promising application for PEEK is in the realm of biomaterials, where it is
used in prosthetics due to mechanical properties and corrosive resistance resembling those of
human bones and teeth.
In order to integrate PEEK and other thermoplastic substructures into the often complex
engineering systems required for the applications mentioned above, it is often necessary to
employ thermoset adhesives such as coatings, glues, and sealants. In this work, we were
concerned with a specific case of adhesion between a PEEK surface and a thin epoxy coating
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approximately similar in scale to a coat of paint on a house or automobile. As is often the case in
engineering, the properties which make PEEK suitable for high-intensity applications can also
make it difficult to process. Here, the issue is due to PEEK’s low surface energy, which affords
the material very few opportunities to form chemical bonds with its surroundings.
The approach being developed by us involves the pretreatment of the thermoplastic
composite surface using polymer grafting to create boundaries that allow reliable bonding of the
thermoplastic matrix to epoxy-based materials. In essence, to activate polymer surfaces, the
thermoplastic substrates (pre-treated with mechanical treatment, corona, plasma or a chemical
method) are modified with a nanoscale anchoring layer of epoxy-containing macromolecules,
poly(glycidyl methacrylate), PGMA
(Fig. 1.1).1-3 The layer is deposited
from a polymer solution and then (after
the solvent evaporation) is anchored to
the surface at room or elevated
temperature. The polymer contains

Fig. 1.1. Schematic representation of reactive polymer attached
to a thermoplastic substrate (a). Chemical structure of PGMA
(b).

numerous epoxy groups, which are known to be highly reactive.4-5 In essence, the PGMA
anchoring layer is fabricated as a submicron internally self-cross-linked film, covalently bound
to the thermoplastic boundary, using its epoxy group functionalities. At the same time, a large
number of unreacted epoxy groups in the anchoring layer are available for further reactions
(Fig.1.1). Therefore, this treatment creates a significant number of epoxy groups on the
thermoplastic surfaces. These groups are capable of reacting with thermoset epoxy matrix to
ensure strong adhesion between the thermoplastic and thermoset materials. The cross-linking
provides stability of the layer that can be stored for at least several months without losing its
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reactivity. For the generation of more sophisticated/tailored interfacial zones between epoxy
thermosets and thermoplastic substrates copolymers of GMA as well as a further modification
with polymer grafting using the “grafting ‘to’ approach can be employed.2, 6-11
In the next chapters, we will detail experiments performed to develop a procedure for
treating PEEK surfaces prior to the application of epoxy that have been shown to improve
adhesion, in some cases dramatically. We will explore the body of published literature on this
subject, outlining selected approaches for addressing the issue of poor adhesion in the PEEKepoxy system. Whereas commonly sighted solutions involve expensive and often destructive
techniques such as Corona or UV irradiation, our research has focused on process scalability and
environmental consciousness. It is our hope that insights gained from this research project will
spur the adoption of PEEK and other thermoplastics as lighter and more durable alternatives to
metals and that the process we have developed will allow PEEK to be used for ever larger and
more creative applications.
The PEEK treatment process outlined below can be categorized into three major phases:
mechanical abrasion, chemical oxidation, and the deposition of a reactive polymer interlayer.
Each of these steps was optimized for use on our particular system. Surface characterization and
improvements in adhesion were quantified using the cross-cut adhesion method, and techniques
such as Atomic Force Microscopy (AFM), contact angle measurement and X-Ray Photoelectron
Spectroscopy (XPS) were employed to gain deeper insight into the structural parameters of the
polymer interface. In the conclusion of this document, the author will highlight the key findings
of the research and will provide recommendations for additional areas of investigation that could
further the collective understanding of this topic in the future.
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CHAPTER 2
LITERATURE REVIEW

In the current section, we will provide an overview of the literature relevant to PEEKepoxy adhesion. The three major subtopics covered in this literature review will be polymerpolymer adhesion, including historical and theoretical context, an introduction to the materials
used in this work, and, finally, we will review specific research performed by others in the
scientific/engineering community on the PEEK-epoxy interface. This third section will cover
surface treatment techniques for PEEK, including atmospheric plasma, UV irradiation, and
mechanical abrasion.

2.1 POLYMER ADHESION
Adhesion, in the context of polymeric materials science, can be defined as the interaction
between two dissimilar surfaces at an interface via interatomic and intermolecular forces 12.
Alternatively, cohesion is the term used to describe interfacial interactions between multiple
surfaces of the same material. Adhesives are a class of materials designed to bond various
surfaces together through adhesive action. Furthermore, coatings are a sub-category of adhesives
that are applied to a single substrate for either a functional or decorative purpose. The use of
adhesive joints to bond polymer components is an attractive technique as it eliminates the need
for destructive thermal or mechanical processes used in traditional welding and fastening
applications.
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Figure 2.1. Illustration of mechanical adhesion between two substrates.

An area of adhesion science that is significant to this work is the development of theories
to describe the mechanism (or mechanisms) of adhesion. As of yet, no researcher has published a
unifying theory to incorporate every mechanism of adhesion; however, a general consensus
exists in the literature that there are perhaps three to five primary mechanisms for adhesion 13.
First, we have mechanical adhesion or coupling; that is, the physical interlocking of substrate and
adhesive in a way that has often be compared to the joining of pieces in a jigsaw puzzle (Fig.
2.1) 12, 14. The next mechanism that has been proposed is molecular (or specific) adhesion. In this
case, primary bonds (as is the case with graft copolymers) or secondary bonds such as hydrogen
bonds form between the substrate and adhesive 15. The third adhesion mechanism is that of nonbonding attractive forces between the substrate and adhesive, such as van der Waals
forces(dispersive) and hydrogen bonding (polar)13. Finally, a special case of mechanical
adhesion should be distinguished, and that is the case of surface interpenetration between
polymers. This case differs from mechanical adhesion in that the driving force is thermodynamic
rather than mechanical. It should be noted that in many real systems, more than one of these
adhesion mechanisms can appear concurrently.
There are several techniques within the realm of adhesion science that can be employed
to quantify not only the quality of an adhesive bond, but the propensity for a given substrate to
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bond to an adhesive as outlined by the thermodynamic theory of adhesion. Looking first at
surface characterization, the goal of any investigator should be to answer the following
questions: how much energy is available at the surface to form bonds (surface tension), how
smooth or rough is the surface (surface area) and what, if any, reactive groups exist at the
surface? The first question can be answered in a rather straightforward manner by performing
contact angle analysis (sometimes called water contact angle analysis or WCA) to quantify the
wettability of a substrate. In this simple technique, a single drop of some liquid is deposited on
the substrate surface, and a camera measures the angle of contact between the drop and the
surface16. A smaller contact angle is associated with high surface energy and good wetting 12.
Taking contact angle measurements using both polar and nonpolar liquids, typically water and
formamide, it is possible to decouple the polar and non-polar components of a surface energy
term, providing a more precise assessment of a substrate’s propensity to form adhesive bonds.
Next, the topography of a surface can be evaluated using a combination of microscopic
and profilometric techniques. The primary tools in the hands of an investigator in this area are
the Scanning Electron Microscope (SEM) and Atomic Force Microscope (AFM), which can be
used first to image the surface, giving visual confirmation of any surface structures such as
peaks, valleys, voids or areas of delamination present in a sample. An AFM uses a fine tip to
probe the surface of a sample and a sophisticated instrument is capable of performing
calculations using this data to produce figures for surface area and roughness, which can be used
to qualify a system in terms of mechanical adhesion.
A combination of elemental detection using SEM, along with X-Ray Photoelectron
Spectroscopy (XPS) can be employed to study the surface chemistry of a substrate. While the
SEM is capable of producing a rough estimate for the relative abundance of elements in a
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sample, XPS is a much more sophisticated technique that can be tuned to scan only the first few
layers of subsurface molecules (5-10 nm) of a substrate and detect the signatures of specific
bonds rather than elements17. These techniques give researchers an idea of the chemistry at play
on a material’s surface to support the molecular theory of adhesion, where an adhesive’s bond’s
strength is determined by the number and strength of bonds formed between substrate and
adhesive.
Additionally, several methods for the direct measurement of adhesion have been
developed to evaluate real-world systems in terms of bond strength and failure modes. These
direct measurement techniques often provide qualitative data about the nature of an adhesive
failure but still require using the techniques outlined above to get the full picture. First, we
should note that the failure of an adhesive joint may occur by one of two mechanisms: adhesive
failure or cohesive failure (or some combination of the two.) In the former, delamination occurs
between the substrate and the adhesive, indicating poor bond strength. In the latter, fracture
occurs either in the bulk of the substrate or the adhesive, not at the interface. This is an indication
of a strong adhesive bond.
Here, we will consider two direct adhesion measurement techniques that are relevant to
the present work. The first is the peel test, in which an adhesive tape is applied to a substrate that
has been coated with adhesive, controlling the time and pressure at which the tape is applied. The
tape is then peeled away from the substrate quickly, removing a percentage of the adhesive in the
process18. The amount of adhesive remaining and the force required to remove the tape are both
related to the quality of the adhesive bond but are most often evaluated qualitatively in relation to
other samples. This test is useful for evaluating the adhesion of thin coatings such as paints, inks
and powder coats. The other useful technique is known as the lap shear test. This test is similar to
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the peel test but the results can be considered in a more quantitative sense. In this experiment, an
adhesive bond is prepared by applying a prescribed portion of adhesive at the overlapping
interface of two substrate bars. Once the adhesive has cured, the test specimen is pulled apart
using a tensile tester. From the geometry of the bond and the force required for fracture, it is
possible to calculate precisely the strength of the bond19. This method is useful since it provides
a universal scale on which to measure any adhesive bond, however, it is prone to inaccuracy in
the common event of an improperly mounted sample.
Historically, advances in the science of adhesion have facilitated growth in the areas of
exploration and military conquest 20. Adhesive glue made from boiled animal fat was one of
man’s earliest inventions, enabling crafters to bond hard materials such as wood and stone in
order to make tools 13, 21. Around the 4th millennium BC, shipbuilders in Asia and the Middle
East began applying pastes and tar to the hulls of seafaring vessels for waterproofing, allowing
them to venture further from home 22. Adhesives development progressed slowly prior to the
industrial era, as plant and animal-derived pastes and glues were produced to address specific
needs in construction and woodworking, with the ancient Romans making the significant
contributions to the state of the art as well as renaissance furniture makers such as Thomas
Chippendale 20, 23. The advent of synthetic polymers and the increasing use of natural rubber led
to a slew of developments in adhesive technology during the early 20th century, particularly in
the areas of pressure sensitive adhesives and thermoset resins 24-25. Since that time, adhesives
have played an important role in both the automotive and aerospace industries, with the majority
of innovations centering around polymeric adhesives and epoxies in particular .
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2.2 MATERIALS
Next, we will present several topics relevant to the materials used in this project,
including their historical development, synthesis, production, properties, and applications. The
first material which will be considered in this section is a class of thermoset adhesive polymers
called epoxies. Then we will discuss the material which is used as the substrate in this project,
PEEK, outline the beneficial characteristics that have led to its adoption by the aerospace
industry for a number of critical applications. Also covered in this section will be the use of
PEEK as a polymer matrix composite material.

2.2.1 EPOXY RESINS
Epoxy resins have long been employed as structural adhesives and coatings in the
aerospace industry. Such materials were found to be strongly adhesive, cost-effective, easily
processable, and mechanically robust, leading to their adoption as one of the most common
adhesives in the industry. The epoxidation reaction was first identified by Russian chemist
Nikolai Prilezhaev in 1909, followed in 1934 by the filing of a German patent by Paul Schlack
for a method of producing high molecular weight polyamines by reacting an amine with an
epoxide 26-27. By the late 1940’s, chemical producers in Germany and the United States had
begun to brainstorm a range of applications for the new polymer, recognizing its potential as
versatile adhesive 28.

Figure 2.2. Chemical structure of DGEBA epoxy resin.
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At the most basic level, an epoxy resin is any low molecular weight pre-polymer that
contains more than one epoxide functional group 29. One of the most commonly produced epoxy
resins, shown in Fig. 2.2 is the diglycidyl ether of bisphenol A (DGEBA)30. This prepolymer
resin is produced by the O-alkylation of bisphenol A using epichlorohydrin. The viscosity of the
DGEBA oligomer can be tailored by increasing the molecular weight with the addition of excess
bisphenol A depending on the desired application (mold making, spray coating, etc.) 31.
Additional functionalities such as fluorine or silicon-containing groups can be added to an epoxy
resin to augment properties such as chemical or ultraviolet resistance32.
In their uncured form, epoxy resins exist as oligomers or linear polymers. Until a curing
agent is introduced to the system, these resins do not exhibit the adhesive or mechanical
properties required for a successful adhesive joint or coating. Such curing agents contain
polyfunctional hardeners, which react to form a three dimensional rigid cross-linked network
copolymer with the epoxy resin. It should be noted that it is possible to self-crosslink an epoxy
resin in the absence of a curing agent through a process called catalytic homo-polymerization.
However, this process is rarely performed commercially as the resultant thermosets are
exceedingly brittle. Fig. 2.3 depicts a basic curing reaction between an amine curing agent and
an epoxy resin. Typically, the curing reaction is mildly exothermic and can be carried out at
room temperature. However, some epoxy systems, particularly those which employ aromatic

Figure 2.3. Curing reaction between epoxy resin and amine curing agent.
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polyamines, are cured at elevated temperatures in order to achieve greater tensile strength and
heat resistance 33. During the curing reaction, epoxies can form network bonds with reactive
sites in their surroundings as well, such as surface functional groups present on a substrate.
Ensuring good wetting or contact between the liquid epoxy resin and the substrate is vital to
forming a strong adhesive bond. Once cured, epoxies are very stable thermally with operating
temperatures as high as 300°C34.

2.2.2 PEEK
Let us now consider the substrate employed in this project. PEEK belongs to a class of
high-performance thermoplastics referred to as PAEKs (polyaryl ether ketones). By definition,
PAEKs are polymers whose primary backbone contains an alternating pattern of ketone and
ether groups separated by para-substituted aryl groups 35. PAEK polymers are named according
to their unique ether-ketone patterns with PEK denoting a simple AB repeating pattern. In the
case of PEEK, the repeat unit contains two aromatic ether groups followed by a single aromatic
ketone (see Fig. 2.4.) Other commercially produced PAEKs include PEKK, PEEKK, and
PEKEKK. The number and sequence of ether and ketone groups present to influence the thermal
and mechanical properties of the polymer. A higher ketone to ether ratio results in a more rigid
polymer with increased thermal stability. PEEK exhibits a Tg of 143°C compared to 163°C for
PEKK 35. The presence of high energy bonds along the backbone of the polymer and in

Figure 2.4. Schematic representation of PEEK.
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particularly, the high aromaticity, result in PAEKs exhibiting very high thermal stability when
compared to other thermoplastics 35. While PAEKs are attractive materials for high-temperature
applications, their high melting points can make processing difficult.
PEEK was first synthesized in the labs of Imperial Chemical Industries (ICI) in 1978 by a
method of nucleophilic polyetherisation36. Specifically, 4,4 difluorobenzophenone (DFB) is
introduced to the disodium salt of hydroxyquinone (HQ) in a polar aprotic solvent. Calcium
carbonate is used in the reaction in order to deprotonate the HQ in situ (see Fig. 2.5.) Typically
diphenyl sulfone is selected as a high-temperature solvent in order to conduct the reaction at a
temperature of 320°C, close to the melting point of PEEK. The final product must be washed to
remove any diphenyl sulfone or calcium fluoride that remains using acetone and water,
respectively 35. The majority of PEEK production follows this method, however, a recent effort
has had success in producing PEEK via an electrophilic process that eliminates the metal fluoride
waste product entirely37.

Figure 2.5. Reaction scheme for production of PEEK from DFB and HQ.

With a melting point of 343°C, PEEK requires more specialized processing techniques
than a typical thermoplastic polymer. It can be injection molded or extruded using a sufficiently
powerful heating element. Recent efforts have shown that PEEK can be 3D printed via fused
deposition modeling (FDM) 38. Welding methods such as friction stir, hot plate and near-field
ultrasonic welding have been employed to join PEEK, however, these techniques require
significant energy to reach the required temperatures 39. PEEK can be machined via CNC as well.
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Semi-crystalline PEEK has a high tensile strength at 110 MPa and exhibits excellent wear
resistance35. However, its high production cost has driven a demand for high performance using
as little material as possible. As such, a range of composites have been developed which employ
PEEK as a thermoplastic matrix40. Typically, these composites are filled with continuous carbon
fiber for weight reduction and enhanced tensile strength and are formed by a melt compounding
process. The goal of this process is to achieve close contact and good wetting between the matrix
and the fiber with isotropic fiber alignment in order to minimize the presence of voids. The
details of such melt compounding procedures are often tightly guarded trade secrets.
Alternatively, lower performance PEEK composites can be produced using glass fibers.
The PEEK-based composites described above are of particular importance to the
aerospace industry, where cost considerations are often secondary to the performance of a
material due to the criticality of the application41. Compared to thermoset composite materials
used in aerospace applications such as epoxies and polyesters, PEEK composites have better
mechanical properties, lower density, and better resistance to chemicals such as jet fuel and
exhaust gasses35. Such composites have found applications as materials for fuel tanks, payload
fairings and radomes. Injection-molded PEEK composites filled with carbon or glass fiber have
found their way onto commercial aircraft such as the Airbus A380 and the Boeing 777 in the
form of components that provide chemical resistance, flame retardancy, electrical insulation and
weight savings over metals or thermoset composites. Unfortunately, PAEKs exhibit poor UV
resistance as compared to other high-temperature thermoplastics such as PPS, and therefore are
not often used for components on the exterior of an aircraft. As a result, there has been an
interest in developing coatings for PEEK as a barrier to UV 41.
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2.3 PEEK-EPOXY INTERFACE
In the next section, we will discuss some of the difficulties associated with the
application of coatings to PEEK surfaces. We will review the efforts of previous research
projects conducted on the surface pre-treatment of PEEK for the purpose of adhesion, including
methods of mechanical abrasion, chemical etching, laser, corona, atmospheric plasma, and
UV/Ozone treatments. A selection of research publications on these topics will be examined in
detail and we will evaluate their relevance in the context of the current work.
It has long been understood that thermoplastic polymers are particularly difficult
materials to apply adhesive coatings to due to their low surface energies and PEEK is no
exception 42. Owing to its stellar chemical and wear resistance, PEEK is not particularly well
suited for traditional methods of adhesion such as welding and basic techniques to promote
mechanical adhesion such as mechanical abrasion can be insufficient. The use of carbon and
glass fiber-containing PEEK composites further complicates the problem as crude methods of
adhesion promotion can damage fibers and cause delamination42.
Two primary strategies exist to promote adhesion towards the surface of PAEKs and
thermoplastics in general. The first is to promote mechanical adhesion by increasing the surface
area available for the adhesive to come in contact with16. This is achieved typically through sand
blasting, sanding or polishing the substrate prior to application of the adhesive, or through the
use of chemical etchants to partially dissolve the polymer43. The second and more effective
strategy for adhesion promotion is the chemical modification of the substrate surface to contain
reactive groups that form bonds with the adhesive. This is generally achieved by delivering a
large amount of energy to the surface layer of the substrate in order to produce chain scission and
introduce oxygen functionality44-46. Other recent efforts have attempted to impart new
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functionalities to the PEEK surface via the grafting of reactive polymers 47-48. Corona and plasma
treatment methods deliver energy to the substrate in the form of electrons and ions, respectively.
This is typically carried out in an oxygen-rich environment so that the surface radicals form
oxygen-containing functional groups. Care must be taken in such procedures not to damage the
bulk polymer as this would result in a loss of mechanical performance in addition to affecting
any fibers that lie beneath the surface of a composite 42.
The first research project for consideration in the field of PEEK surface modification for
adhesion promotion is the work performed by Hallmann et. al. concerning the improvement of
PEEK’s adhesive properties through surface pre-treatments 49. With the goal of creating a simple
and economical means of modifying the surface of PEEK dental implants to promote adhesion
with biocompatible adhesives, we experimented with a combined sand blasting and chemical
etching technique. They evaluated various particle sizes for air abrasion, using alumina and
silica-coated alumina particles, followed by chemical modification with a solution of hydrogen
peroxide and sulfuric acid (commonly referred to as Piranha solution) for 30 sec. The group
found that PEEK substrates, which had been subjected to both abrasion and chemical etching
exhibited significantly higher tensile bond strength with their thermoset adhesives as compared
to the substrates that had only been etched with Piranha. This conclusion is an indication that the
increased surface area of the substrate produced by mechanical abrasion plays a role in adhesion
promotion, giving weight to the mechanical theory of adhesion. Also of note was their
observation that the true control PEEK substrate could not form a measurable bond with the
adhesive, while the substrate, which had been subjected to chemical treatment alone, produced a
weak adhesive bond (11.8 MPa). This seems to suggest that the Piranha solution is inducing
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some form of chemical reactivity in the substrate, however, XPS analysis shows a significant
decrease in the presence of oxygen on the surface as a result of the treatment
Zhang et al. propose a method for improving PEEK-epoxy adhesion by first grafting a
reactive polymer, PGMA, to the PEEK surface prior to the application of epoxy47. Their
approach takes advantage of benzophenone units within the PEEK structure which form free
radicals in the presence of certain wavelengths of UV 50. After applying a UV source to activate
the substrate, the group introduces glycidyl methacrylate (GMA) monomer that bonds with the
free radical sites to form PGMA-grafted surface structures. The group has confirmed that this
process is capable of functionalizing not only the immediate surface layer of the PEEK substrate
but several sub-surface layers as well. This phenomenon was observed using XPS. The process
outlined in this work was capable of producing a 6-7 times increase in adhesive bond strength
with epoxy in a lap shear test. A possible negative consequence of such surface preparation
outlined by us is the damage that can be caused to the PEEK substrate as a result of intense UV
irradiation, which may cause a decrease in mechanical performance.
The next article appeared in the September 2010 edition of the International Journal of
Adhesion and Adhesives and deals with the surface modification of PEEK and PPS substrates
with atmospheric and low-pressure plasma34. This team approached the project with an
understanding that plasma treatment (particularly traditional partial-vacuum plasma treatment)
was effective as a means of surface modification. This method has long been understood to
produce persistent oxygen functionality in thermoplastic surfaces51. The group sought to evaluate
an atmospheric plasma treatment, which they predicted could achieve a similar result using a
simpler setup that did not require the use of a vacuum. By measurement of contact angles, the
group found that atmospheric plasma greatly increased the surface energy of PEEK (Fig. 2.6),
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particularly the polar
component. They concluded
that the formation of
functional groups by the
plasma increased adhesion
with their ultra-high
temperature resistant epoxy
and that atmospheric plasma
treatment changed the failure

Figure 2.6. Surface energy results for PEEK substrates with various
plasma treatments.

mode of the bond from adhesive to cohesive. In their experiments, the atmospheric plasma
treatment outperformed the partial vacuum plasma treatment both in terms of lap shear bond
strength.
An article published by Comyn et. al. fifteen years prior in the same publication, provides
context for the aforementioned efforts52. Comyn and his colleagues also sought to eliminate the
use of vacuum plasma treatment to simplify the surface pre-treatment of PEEK for adhesion.
Rather than attempt atmospheric plasma treatment which requires a more dense plasma, this
team opted instead to perform corona treatment on the PEEK substrate. In this technique, a low
temperature corona discharge is produced in the vicinity of the substrate to induce oxygen and
nitrogen functionality. In this experiment, several different source gasses for the corona were
compared for their ability to treat PEEK. XPS analysis of surfaces treated by corona discharge
showed that a large proportion of the carbonyl bonds initially found in the structure had been
converted to carboxylates, perhaps elucidating the mechanism of surface oxidation. The group
ultimately concluded that corona treatment was similarly effective when compared to low
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pressure plasma treatment in terms of contact angle decrease and lap shear adhesion results with
epoxy and that neither treatment significantly changed the topography of the substrate surface.
The noted, however, that the surface energy effects of corona treatment did not persist past 90
days, unlike plasma treatment, suggesting a limit to the effectiveness of this technique.
Mathieson and Bradley took yet another approach at oxidizing the surface of PEEK, this
time employing an ultraviolet-ozone (UVO) method that had been developed for use on wool
fibers53. This technique utilizes an ultraviolet source that emits 185 and 254 nm waves capable of
producing ozone from atmospheric
oxygen and subsequently splitting
ozone molecules to produce oxygen
radicals that interact with the
substrate surface54. As evidenced in
Fig. 2.7, the team found UVO
treatment to be quite effective in
increasing the presence of oxygen at
the PEEK surface increasing the
percentage from the expected 12%

Figure 2.7. Water contact angle and surface oxygen percentage
for PEEK treated via UVO for various durations.

oxygen that stoichiometry gives us to nearly 30% after 10 minutes treatment time. The team
identified an XPS signature in the UVO treated specimen not found in the control which they
attributed to the presence of carboxylate groups, echoing the findings of Comyn. Mathieson
concluded that UVO treatment constituted a further alternative option to low pressure plasma
treatment, offering a similar improvement in adhesion as evaluated by the lap shear test.
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Finally, we will consider a recent publication in ACS Biomaterials Science &
Engineering which combines the chemical and plasma-induced methods for surface oxidation
outlined previously with the goal of enhancing osseointegration of prosthetics made of PEEK 55.
This paper highlights some properties of PEEK that make it an excellent prosthetic material,
namely its high glass transition temperature, excellent chemical resistance and similar
mechanical properties to cortical bone. The group studied strategies to make the material more
biocompatible following similar strategies employed traditional in adhesion promotion. The team
first employed a plasma treatment referred to as plasma immersion ion implantation (PIII)
electing to an inert argon gas for their plasma to avoid introducing impurities into the sample.
They followed this technique by etching the surface with hydrogen peroxide, arguing that the
two step process was capable of producing a concave microstructure, which promotes cell
growth. The idea was that plasma treatment induced chain scission and produced oxidizable
radicals, while the peroxide preferentially etches the new surfaces produced by the plasma,
creating a desirable incongruent and convex pattern of etching (Fig. 2.8). The group found this
technique to be effective in promoting cell adhesion, although a direct comparison to other
approaches covered in this section would be improper as the mechanism for cellular adhesion is
substantially more complex than simple polymer-polymer adhesion.

Figure 2.8. Schematic and SEM representation of Argon PIII
treatment and peroxide etching of PEEK.
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In summary, we have discussed the motivations and mechanisms of polymer adhesion in
this section, covering a selection of topics pertinent to the substrate and adhesive materials used
in this project. An overview of techniques currently employed for the pre-treatment of PEEK and
thermoplastics in general in preparation for adhesive bonding has been provided as well as a
selection of published articles detailing the findings of other researchers in the field. This
overview of relevant literature has elucidated some of the motivations for the current work and
that it may serve as an evidentiary framework for the experimental procedures and evaluations
carried out in the present work.
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CHAPTER 3
MATERIALS AND PROCEDURES

3.1 MATERIALS
The primary substrate materials used in this work included semi-crystalline PEEK and
composites of carbon fiber embedded in a PEEK matrix (PEEK-CF). The pure PEEK material
was obtained from McMaster-Carr in 12 by 12 by 0.125 inch sheets (8504K65). PEEK-CF was
provided by The Boeing Company as pre-fabricated composite plates approximately 4 by 6 by
0.05 inch. The thermoset polymer coating used in the adhesion experiments was a twocomponent epoxy obtained from PPG Aerospace (DeSoto Urethane Compatible Chrome-Free,
512x310 (base component), 910x533 (activator component).

3.2 PROCEDURES
3.2.1 SAMPLE PREPARATION & ABRASION
To ensure uniformity between
specimens, and to utilize materials most
efficiently, the PEEK and PEEK/CF source
materials were machined into 3 by 1 inch
and 2 by 1.5 inch samples, respectively
(Fig. 3.1.) Prior to abrasion, each sample
was submerged in a beaker containing
acetone for 5 to 10 minutes before being

Figure 3.1. Image of sample plates of PEEK (left) and
PEEK/CF (right), ruler for scale.
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removed and wiped dry using a Kimwipe. This cleaning procedure was performed primarily to
remove any debris that may have been introduced in the milling process and to dissolve any
residual mold releasing agents from manufacturing.
Once cleaned, a single face of each sample plate was subjected to mechanical abrasion,
which performed two primary functions. First, abrasion produces surface features such as craters
and grooves, which increase the area available for adhesion to the substrate. Second, the abrasive
process removes several nanometers of amorphous PEEK, revealing subsurface regions of
crystallinity. The improved mechanical properties of crystalline PEEK will aid in the
establishment of a robust interface when the
reactive polymer is introduced. The abrasion
for this project was performed using a
commercial random orbit sander capable of
varying its rotational velocity from 4,00012,000 orbits per minute. The sanding
apparatus was fitted with a 5 inch, 180 grit
aluminum oxide abrasive disc discarded and

Figure 3.2. Image of PEEK/CF sample and stainless
steel sample holder.

replaced once every 5 operations. The apparatus was arranged with a sample plate fixed between
the abrasive disc and an applied load such that the disc was able to oscillate freely across the
exposed surface while a weight applied dispersed the load evenly throughout the sample as
shown in Figs. 3.2-3.
Samples were abraded for a set period of time (typically 15 seconds) at prescribed contact
pressure and orbital velocity. The role that each of these two variables played in the abrasive
modification of the PEEK surface was of particular interest in this work. Upon sanding, samples
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Figure 3.3. Image of PEEK/CF sample holder for abrasive treatment (a). Image of abrasion setup
with commercially available sander, sample holder and 3 kg weight (b).

were each wiped clean with a Kimwipe soaked with acetone until all visible debris was removed.
In the case of the black PEEK/CF samples, this meant continuing to wipe the substrate until no
more dark-colored debris could be transferred to the wipe.
All samples studied in this work were handled with extreme care upon completion of the
abrasion step, so as not to introduce any contamination to the surface. From this point forward,
samples were held only using sterilized utensils or with gloved hands touching only the edges of
the plates. In between procedures, samples were arranged in batches of 6 and wrapped tightly in
aluminum foil to prevent contamination.

3.2.2 ETCHING WITH FENTON’S REAGENT
While a number of methods exist for preparing the surface of PEEK for adhesive
bonding, the goal of this work was to do so without the use of specialized equipment or harmful
solvents. This goal was achieved using the process developed in the late 1800’s by Henry John
Horstman Fenton for the oxidation of tartaric acid56-57. Fenton found that hydrogen peroxide
could be catalyzed using ferrous salts to produce oxygen-containing free radicals. We believed
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that the generation of such radicals would enable the etching and oxidization of the PEEK
surface.
In this work, PEEK and PEEK/CF samples were etched according to the following
procedure. Upon removal of abrasive debris, 6 sample plates were arranged symmetrically
around the inside surface of a beaker. A second beaker was fixed so that it floated inside the first,
holding the samples upright and reducing the volume of fluid needed to completely submerge the
samples. Next, a stir bar and a quantity of aqueous hydrogen peroxide were added to the beaker
to completely submerge the sample plates. Stirring was induced at a low rate of speed, and a
small amount of iron (II) sulfate was added to the beaker. Immediately upon introducing the
ferrous salt, the solution would take on a characteristic “rusty” appearance and begin to bubble
vigorously. For this process, the peroxide concentration, catalyst concentration, and treatment
time were experimental parameters that could be adjusted to tailor the extent of the oxidizing
reaction; however, a typical peroxide etching operation was carried out using 6% aqueous
hydrogen peroxide and 2 mg/mL iron sulfate. These variables will be discussed further in a later
section.
After the oxidation process, it was once again necessary to clean the substrates to remove
any rust that may have formed as well as any residual oxidizer. Samples were removed from the
beaker one by one, spraying each face with a stream of deionized water before submerging the
samples in a large beaker of deionized water for 5 minutes. Next, each sample was dried under a
stream of high-pressure nitrogen gas and repackaged in aluminum foil. A convenient method for
validating the effectiveness of this procedure was the water contact angle method since
successful oxidation would register as a dramatic decrease in contact angle. As such, it was
common practice to perform the water contact angle test at this point in the process, either

34

quantitatively or qualitatively by simply observing the extent to which a drop of water spreads on
the treated surface with the naked eye. Upon completing the water contact angle test, it was
important to drive off any moisture from the sample with nitrogen gas and repackage it in
aluminum foil.

3.2.3. DEPOSITION OF REACTIVE POLYMER
The next important step in the adhesion process was the deposition of a polymer film
onto the substrate to later serve as an anchor for the epoxy. The primary polymeric species
selected for this role were glycidyl methacrylate containing (co)polymers.
For the majority of the experiments in this work, the polymer film was deposited via dip
coating. First, a powdered form of PGMA or another copolymer was dissolved in a solvent.
Typically, chloroform or acetone were used as solvents, and the polymer was introduced at a
prescribed concentration. Solutions were prepared in 50 mL centrifuge vials and shaken
vigorously until all polymer had dissolved (typically within 30 minutes.) If solutions were stored
overnight or longer prior to coating, 30 minutes of sonication was performed to refresh the
solution. In a typical dip coating, 40 mL of the polymer solution was placed in a beaker. One
sample was fixed to the dip-coating machine with an alligator clip along one of the shorter 1-inch
edges and was lowered into the solution at a rate of 270 mm/min. As soon as the sample had
descended to such an extent that only the fixed edge was above the surface of the polymer
solution, the motion was reversed, and the sample was removed from the beaker at the same
controlled rate. A result of this process was a characteristic region of non-coverage by the
polymer along the uppermost portion of the sample face. Upon removal from the solution, the
sample was given time to dry in the ambient atmosphere. When dip coating from a chloroform
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solution, solvent evaporation was nearly instantaneous. When acetone was used as a solvent,
however, this process could take as long as 60 seconds. After completing the dip-coating step,
samples were again analyzed via water contact angle and repackaged in aluminum foil.

3.2.4. DEPOSITION AND CURING OF EPOXY
As referenced in the materials section, we utilized a two-component epoxy in this work
that needed to be prepared prior to each coating. Per the manufacturer’s instructions, equal
volumes of the epoxy base component and epoxy activator component had to be mixed and
conditioned following a prescribed recipe.
For a typical coating of 6-8 samples, 30 mL of epoxy composition was prepared. First, 15
mL of the epoxy base was added to a 50 mL centrifuge vial followed by 50 mL of the activator
component. The container was sealed and shaken spiritedly by hand for approximately 5
minutes. Next, the container was placed on a shaker plate set to low speed for constant agitation
during a 30 to 45 minute induction period. According to the manufacturer, an induction time of
45 minutes is recommended if the ambient temperature is below 21°C, and an induction time of
30 minutes is recommended for temperatures between 22°C and 28°C. The conditions in the
laboratory during this work were approximately 21-23°C, so it was determined that some
induction time within the 30-45 minute window was appropriate. During this induction time, a
batch of 6-8 treated samples was arranged on a polyethylene terephthalate (PET) transparency
sheet on an automatic coating machine. Such films are commercially available as overhead
projector slides and used in this work to provide a protective barrier between the uncured epoxy
and the benchtop equipment and to help with transportation and labeling of samples. A doctor
blade was set to a height that represented the thickness of the sample plus an additional 50
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microns for the epoxy coating. This was done in order to account for a reduction in film
thickness that occurs as a result of solvent evaporation, targeting a dry epoxy film thickness of
30 microns.
Once the epoxy had been allowed sufficient induction time, it was drawn from the vial
into a 15 mL syringe and applied to each of the samples one by one in rapid succession to
maintain uniformity. Epoxy was delivered from the syringe as it hovered above the leading edge
of each sample, allowing it to propagate across the surface unimpeded. Please note that for
samples that had been dip-coated, the leading edge refers to the short edge of the sample with
good film coverage, while the trailing edge contains the region of non-coverage. Approximately
2.5 mL of epoxy was applied to each sample.
Once all samples were covered from edge to edge, the doctor blade, propelled by the
automatic coating machine, was allowed to pass over the samples running parallel to the long
edge of the sample. Three passes of the doctor blade (all in the same direction, from leading edge
to trailing edge of the sample) were made over the course of approximately 60 seconds,
reapplying epoxy as needed in between passes to areas of the sample surface where the coating
was too thin and not an opaque white color. Also in between passes, any excess epoxy
transferred to the doctor blade was removed with ethanol and a paper towel.
Upon successful completion of the epoxy coating, samples were contained for 24 hours in
a closed chemical hood to avoid agitation or dust accumulation. After the 24 hour period had
elapsed, the samples were considered safe to handle and were subjected to further curing via one
of the two profiles outlined by the manufacturer. The first curing profile, which we refer to as the
“slow cure” method, involves holding the sample under ambient conditions for a further 7 days
to allow the cross-linking reaction to occur naturally. Again, we should note that ambient
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conditions in our laboratory typically ranged from 21-23°C and 50-90% relative humidity. The
second method, deemed the “fast cure” involved heating the sample at 65°C for 1 hour in a
curing oven to accelerate the reaction. In this work, one of the two curing profiles was selected
for each experiment based on the goals of that particular inquiry. The “fast cure” was useful for
qualitative experiments and rapid prototyping, while the “slow cure” provided more accurate
results for quantitative tests.

3.2.5. EVALUATION OF EPOXY CURING REACTION
Limited experiments were
performed to gain insight into the epoxy

of samples cured by the fast curing and
slow curing methods outlined above.
Using thermogravimetric analysis
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Fig. 3.4. TGA evaluation of epoxy curing reaction progress
under 7-day, room temperature conditions.

slow curing method (Fig. 3.4). This experiment showed significant evaporation of solvents in the
first 24 hours, followed by a steady increase in thermal stability over the following six days,
indicating that the epoxy continued to cure steadily during that time interval. Additionally, TGA
and differential scanning calorimetry experiments were conducted comparing a slow cured
sample at the end of 7 days to a fast cured sample heated to 65°C. The slow cured sample was
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found to have somewhat higher thermal stability indicating the presence of a more densely crosslinked polymer (Fig. 3.5).

Fig. 3.5. TGA comparison of epoxy curing reaction progress for 7-day, room
temperature cure (green) and 65°C accelerated cure.

3.2.6. PROFILOMETRY
A suitable method of measuring changes in the topography of the PEEK surface as a
result of abrasion was found in surface profilometry using an AlphaStep IQ Surface Profiler
(Fig. 3.6). This instrument records the displacement of a probe tip in the vertical dimension as it
transits across the surface of a specimen. The result of this measurement is a height profile for
features of the surface along the path of the
probe tip, and calculations can be performed
to obtain numerical values of various
roughness parameters. The profilometer in this
work utilized a mechanical probe tip with a
maximum path length of 1 mm. In order to
obtain a representative sample, 5
measurements were recorded for each sample

Figure 3.6. Image of AlphaStep IQ Surface Profiler.
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with the probe tip and path set at random points and directions along the surface. Scans were
performed at a rate of 20 um/s with a sampling rate of 50 Hz. Reported in this text are values for
the arithmetic mean roughness parameter, Ra, root mean squared roughness parameter, Rq, and
profile height (the total vertical displacement between the highest peak and lowest valley in
along the path), Rz, as an average of 5 measurements per sample along with the standard
deviation. A center bias adjustment and leveling with the least-squares line method were applied
to the data automatically by the recording software.
Additionally, it was possible to determine the thickness of an epoxy film coating using
the surface profilometer by first removing a portion of the coating with a scalpel and then using
the probe to transit the boundary of the coating. With the step height functionality of the
software, it was a simple procedure to determine the thickness of the coating in microns.
Unfortunately, however, this method was not sensitive enough to be used to determine the
thickness of polymer thin films in the order of tens or hundreds of nanometers. This meant that
other methods, particularly Atomic Force Microscopy (AFM), would be required to characterize
the thin polymer layer.

3.2.7. WATER CONTACT ANGLE MEASUREMENT
Analysis of water contact angles has been performed using KRUSS DSA10 drop shape
analyzer. First, each sample was sprayed with high-purity nitrogen gas to remove any dust or
moisture. De-ionized water was dispensed from a syringe to form a bubble approximately 1 mL
in volume on the surface of the specimen. The sessile drop method was used to calculate the
water contact angle, and results were reported as an average of 5 measurements at randomly
selected points on the surface of each sample.
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3.2.8. ADHESION TAPE TEST
A widespread method for evaluating the adhesive quality of a coating process is the
cross-cut adhesion tape test outlined in ASTM D3359. In this work, a modified version of this
test is employed. Tape testing was performed at the end of each experiment once epoxy curing
had been completed via the slow or fast curing method. For the test, a sample is scribed using a
blade with 6 teeth spaced 2 mm apart. A Gardco PA-2057 blade was used in this work. One
scribe is applied in the center of the sample from leading edge to trailing edge and another is
applied at an angle of 45° ± 10° above the first scribe. A piece of 3M #250 Masking Tape
approximately 6 inches in
length is applied to the
surface to form an acute
angle with both scribes. A
specified load is delivered
to the adhesive tape from a
4.5 lb rubber covered
stainless steel roller (80 A
Scale ± 5), and the tape is
allowed to linger on the
surface for a period of 30
seconds. After this time
has elapsed, the tape is

Figure 3.7. Diagram of the grading scale used to evaluate adhesion tape test
results.

pulled away from the
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surface from the trailing edge to the leading edge in one smooth motion. An image of the sample
is recorded, and the percentage of epoxy removed from the analysis area is calculated using
ImageJ software. Additionally, a grade on a scale of 1-10 is given to the sample by the operator
according to the scale in Fig. 3.7.

3.2.9. MICROSCOPY AND XPS.
Scanning Electron Microscopy (SEM) was performed on a Hitachi SU 6600 at various
magnifications from 250x to 2200x at 10 kV. Elemental analysis was performed using the
Energy Dispersive X-ray Spectroscopy (EDS) capability of this instrument. A Dimension 3000
Atomic Force Microscope was used to probe the surfaces of the PEEK and PEEK/CF substrates,
particularly in the characterization of polymer thin films produced by dip and spray coating.
Often, it was difficult to obtain quality micrographs of these thin films on the experimental
substrates due to their high hardness. As a substitute, the coating procedure was mimicked on a
silicon wafer for ease of observation. XPS experiments were performed on a Physical
Electronics PHI VersaProbe III Scanning ESCA Microprobe.

3.2.10. REFLECTOMETRY
Spectroscopic reflectometry was performed with a home-built reflectometer (based on the
EDMUND Industrial optic spectrometer) at an angle of incidence of 0°. Wavelengths ranging
from 400 nm to 1000 nm were used. The thicknesses and refractive indices of the films were
calculated by fitting experimental reflectance using Fresnel equations. 58
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CHAPTER 4
REACTIVE POLYMERS FOR ANCHORING LAYERS

The important focus of this project was developing a system for grafting reactive
polymeric species to oxidized PEEK and PEEK/CF substrate to serve as a nanoscale anchor
between the substrate and the cured epoxy resin. We selected PGMA, a methacrylate polymer
containing epoxy groups in each monomeric unit, as the primary candidate for this role.
Furthermore, several PGMA-based copolymers were synthesized by us for comparison to the
homopolymer as anchor materials in the proposed system. The exact compositions of the
polymers used in this work are listed in Table 4.1 along with their glass transition temperatures
obtained via DSC. The rationale for experimenting with an array of PGMA-based copolymers in
addition to neat PGMA was to vary the interaction between epoxy resin and GMA-based
anchoring layers.

Polymer
PGMA-1
PGMA-2
PGMA-LMA-1
PGMA-LMA-2
PGMA-BMA-1
PGMA-LMA-BMA1 (PGLB1)

Table 4.1. Selected data for PGMA-based copolymers.

Composition (mol %)
via NMR
PGMA: 100
PGMA: 100
PGMA: 92.5
PLMA: 7.5
PGMA: 81
PLMA: 19
PGMA: 50
PBMA: 50
PGMA: 54
PLMA: 11
PBMA: 35

Mw via GPC with UV
detector (g/mol)
8,100,000
413,000
1,181,000

Tg, midpoint
(°C)
61.0
61.0
51.0

est. <1,250,000

43.5

727,000

52.5

475,000

42.0
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To evaluate the level of interaction at
the interface, we solvent blended GMA-

Table 4.2. Midpoint Tg for reactive polymers and
polymer/epoxy solutions as determined by DSC.

Polymer Composition (%)

Tg (℃)

Pure Epoxy

80

evaporated and the system was cured under

PGMA-2: 100

60.9

ambient conditions for 24 hours with

Epoxy: 50
PGMA-2: 50
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presented in Table 4.2. We found the Tg of

Epoxy: 50
PGMA-LMA-2: 50

52.5

cured pure epoxy resin to be approximately

Epoxy: 50
PGMA-BMA-1: 50

52, 62

Epoxy: 50
PGLB1: 50

48, 60

based polymers with epoxy resin in 1:1 wt.
ratio in chloroform. The solvent was

additional 2 hours at 65°C. The results are

80°C. When resin was mixed with GMAcontaining polymers, a significant decrease

in the glass transition temperature was observed. Thus, the (co)polymers are at least partially
miscible with the epoxy coating, and the epoxy groups of the coating are reacting with the epoxy
functionalities of the polymers. The most pronounced decrease is observed for PGMA, where
there is a single Tg for the mixture, below both Tg of PGMA and the one of epoxy resin. Also, a
strong interaction was found for PGMA-LMA copolymer, where also single Tg was observed.
For PGMA-BMA and PGLB1 copolymers two Tg were found, indicating the presence of two
separate phases. Thus, it can be concluded that PGMA and PGMA-LMA have a higher level of
integration with the epoxy coating in comparison to PGMA-BMA and PGLB1.
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CHAPTER 5
SURFACE PREPARATION

One of the primary goals of this project was to increase the surface energy of PEEK
substrates to promote adhesion without negatively affecting the material's performance. The first
step in achieving this goal was to prepare the surface using abrasive and chemically etching
agents. First, the outermost surface layer or layers of the thermoplastic substrate were to be
removed via mechanical abrasion. Next, an oxidizing chemical solution was to be introduced to
the freshly revealed surface in order to perform targeted reactions that would impart oxygen
functionality to the substrate. In the course of these experiments, we would employ surface
topographical measurement techniques including surface profilometry, SEM, and AFM, also
employing the water contact angle method to evaluate surface free energy. The practical
objective of this section of the project was to develop a procedure that would optimize surface
roughness and free energy while minimizing the amount of material removed and keeping the
overall treatment time low (<120 minutes).

5.1 ABRASION
Abrasive experiments on unfilled PEEK and PEEK/CF composite substrates were
performed according to the procedures outlined in Chapter 3. Samples were cleaned with acetone
to remove any contaminants that may have been introduced during fabrication or transport before
being affixed to the sanding apparatus. Unless otherwise specified, all operations were performed
at 12,000 oscillations per minute, the highest sanding velocity that could be achieved with our
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equipment while varying the applied mass and, consequently, the contact pressure between the
substrate and the abrasive disc. We hypothesized that a high sanding velocity, coupled with
relatively low contact pressure, would impart the greatest shear force on the outermost layers of
the substrate, resulting in a high roughness without significantly affecting the subsurface regions
of crystallinity.

Figure 5.1. Surface profilometry (a) and water contact angle (b) results for PEEK/CF plates sanded for 30
seconds at various speeds. Each speed setting from 1-5 represents an increment of 2,000 OPM from 4,000 to
12,000 OPM.

As evidenced by Fig. 5.1a, it is apparent that abrasive treatment produced a dramatic
increase in surface roughness of PEEK/CF surfaces. Whereas the un-abraded PEEK control
exhibited an arithmetic mean surface roughness value, Ra, of approximately 7 nm (Fig. 5.2), the
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Figure 5.2. Surface profilometry results for unfilled PEEK abraded under various applied loads.
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effective treatment, with an applied load of 421.5g produced an Ra of greater than 800 nm.
Additionally, Fig. 5.3 depicts an image of unfilled PEEK sanded, and coated with epoxy. In the
three images of this figure, we can see that sanding alone yields poor adhesion (2/10).

Figure 5.3. Adhesion results for PEEK coated with epoxy. Sanded with no additional
treatment. Tape test grades listed in red.

Contrary to our hypothesis, or perhaps as a result of equipment limitations, it was
observed that the greatest roughness could be achieved using the highest applied weight. It is
conceivable that roughness would reach some maximum value for a certain contact pressure, as
was observed in the case of PEEK/CF (see Chapter 6) and that our experiment simply failed to
reach the requisite pressure. It should be noted, however, that increasing contact pressure comes
with a significant trade-off, as it increases the rate at which material is removed from the surface
dramatically. A practical analogy for the observed result of this procedure with unfilled PEEK at
12,000 OPM and 1kg contact force would be the grating a soft block of cheese. On an industrial
scale, this would produce a significant amount of material waste which, in the case of an
expensive material such as PEEK, is of no small consequence. In the context of our application,
such an intense sanding profile would likely result in a decrease in mechanical properties at the
component level, so we elected to move forward using 12,000 OPM and an applied load of
421.5g for all mechanically abrasive operations.

5.2 CHEMICAL ETCHING
Upon development of a procedure for increasing surface area through abrasion, we then
moved on with our strategy of modifying the surface energy of PEEK by etching the substrate

47

with Fenton’s Reagent. This section will detail the motivations behind this particular technique
and the results observed by us. Specific details on the procedure and experimental design are
provided in Chapter 3. From the existing literature, we felt confident that it would be possible to
etch and modify the PEEK surface using a strong oxidizing agent such as Piranha solution in
order to impart oxygen functionality on the surface. Since the project's central goal was to
improve adhesion without the use of specialized equipment or hazardous materials in a scalable
process, we sought to employ an etchant that would not be harmful to a human operator.
Understanding hydrogen peroxide to be a mild oxidizer used in biological applications as an
antiseptic and iron sulfate to be present in the human body, we hypothesized that Fenton’s
Reagent would be effective as a safer alternative to an acidic solution such as Piranha, even if the
surface modification effect was less extensive.
An experiment was conducted in which sanded and unsanded samples of PEEK/CF were
in a solution of hydrogen peroxide and iron sulfate for various durations. Prior to etching,
PEEK/CF exhibited a water contact angle, or WCA, of 76.3° prior to abrasion and 99.6° after
abrasion (Fig. 5.1b). After 30 minutes of treatment, the WCA was reduced to approximately 30°
for both the control and the abraded sample. For unfilled PEEK samples, the water contact angle

Figure 5.4. Adhesion results for PEEK treated with Fenton’s Reagent for 60 minutes, then coated
with epoxy. Sanded with no additional treatment (top) and sanded, coated with PGLB1 from
acetone (bottom). Tape test grades listed in red.
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Table 5.1. Experimental Treatment Groups and XPS results for PEEK treated with abrasion and peroxide
etching.

Sample Name

Treatment

ER 1

Pre-wash only

ER 2

ER 3
ER 4

ER 5

ER 6

C1s (%)

O1s (%)

Fe2p3 (%)

86.7

13.2

0.1

31.4

59.9

8.7

83

17

0

79.4

20.0

0.6

56.3

38.8

4.9

51

43.0

6.0

Pre-wash, abrasion, 30 min H2O2

Pre wash, abrasion
Pre-wash, 10 min H2O2

Pre-wash, 30 min H2O2

Pre-wash, 60 min H2O2

was measured to be 89° prior to sanding compared to 20° after sanding. In Fig. 5.4, we see
another experiment similar to the one displayed in Fig. 5.3, however, in this case, all samples
have been treated with Fenton’s Reagent for 60 minutes after sanding. Comparatively, these
results show a marginal improvement in adhesion for the ‘control’ samples and a significant
increase for the samples treated with the polymer anchoring layer. The implementation of the
polymer interlayers will be discussed further in Chapter 6, and this data is only included here to
highlight the synergistic effect of the chemical etching treatment in conjunction with the polymer
interlayer.
A systematic study of the influence of peroxide etching parameters on the nature of the
resultant PEEK surface was performed using XPS to identify the presence of various species at
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the surface. Pure PEEK plates were pre-cleaned by soaking in chloroform for this experiment,
followed by acetone, then toluene for 30 minutes each. A group of the plates was then sanded
following normal procedures, and additional plates were left unsanded as a control. Plates were
cut into squares 7.5 mm to a side for ease of analysis with the XPS instrument. Next, the
selection of samples was treated with 6% hydrogen peroxide and 2 mg/mL iron sulfate, then
rinsed with DI water.
Experimental groups
were divided and
treated following the
designations in
Table 5.1. Samples
were handled with
care upon treatment
and taken to a lab
offsite for analysis

Figure 5.5. XPS Reference Spectra for PEEK.

by a skilled XPS technician. XPS experiments were performed within 5 hours after treatment.
The analysis was performed under vacuum at an angle of 90 degrees from the sample surface
with a 10 nm analysis depth. Of interest in this analysis was the evolution of the C1s spectra as a
result of various treatments. In the PEEK reference data for XPS (Fig. 5.5) and the control group
(signature ER1 of Fig. 5.6) we see a dominant C1s peak around 291.5 eV which is indicative of a
carbon-carbon double bond, as we increase the intensity of treatment, we see a growing peak
around 286 eV which is more typical of a carbonyl or ether linkage. The O1s spectra in Fig. 5.7
further support this observation with peaks in the 532-533 eV range indicating adventitious
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Figure 5.6. XPS Results: C1s spectra for various treatments of PEEK.

Figure 5.7. XPS Results: O1s spectra for various treatments of PEEK.

Oxygen species and ether linkages. This spectra also reveals the presence of iron oxides,
specifically Fe2O3, that are present in the samples etched with Fenton’s reagent. A comparison of
the relative abundance of surface species for each treatment is provided in Fig. 5.8. From this
data, it is evident that the combination of sanding and chemical etching in sample two yields the
greatest concentration of O1s species and that longer treatment times with Fenton’s reagent
further increase this phenomenon.
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Figure 5.8. XPS: Surface concentration of C1s, O1s and Fe2p3 species for various treatments of PEEK.
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CHAPTER 6
CARBON FIBER REINFORCED THERMOPLASTICS

6.1 BENCHMARK EXPERIMENTS
A major objective of this part of the study was to adapt the surface treatment process
originally developed for pure PEEK to apply to PEEK-based composites. An initial investigation
was conducted to establish a benchmark for surface characteristics and level of adhesion for the
PEEK/CF-epoxy interface. First, a batch of 6 PEEK/CF samples was prepared according to the
solvent pre-cleaning process outlined in Chapter 3 before being coated with a layer of epoxy
coating approximately 20 microns in thickness. The samples were cured according to the fast
cure process and evaluated using the adhesion tape test. The results of this experiment (Fig. 6.1)
showed an average grade of 3.2 ± 0.8 (out of 10), indicating that significant improvement of the
adhesion level is needed. Indeed, the goal for the adhesive strength as defined at the outset of
this project was to improve adhesion strength through various means so that samples consistently
graded 8 or higher.

Figure 6.1. Image of adhesion tape test results from PEEK/CF benchmark experiment without experimental
treatment. Sample grades from left to right are 4,4,2,3,3.
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6.2 ABRASION
A series of experiments was conducted to evaluate the effect of mechanical abrasion on
surface roughness and adhesion level for the PEEK/CF substrate. A set of plates were solvent
cleaned and then abraded using a commercial random orbit sander rotating at speeds from 4,000
to 12,000 orbits per minute (OPM) in increments of 2,000 OPM labeled speeds 1-5, preparing
two samples for each speed setting. This initial experiment was conducted prior to the
implementation of the apparatus that held samples in place for other experiments in this project,
and, consequently, abrasion for this experiment had to be performed manually. An operator held
each sample to the rotating disc with a modest contact force (estimated at ~100g.) Once sanded,
the plates were evaluated via surface profilometry, water contact angle measurement, and AFM.
As evidenced in Fig. 4.1a, surface roughness increased steadily with increasing rotational
velocity. However, one exception was observed for the samples abraded at 8,000 OPM, where
the data suggested a marked decrease in roughness compared to higher or lower rotational
velocities. We attributed this observation to the plastic deformation of the composite surface.

Figure 6.2. AFM images obtained for PEEK/CF plates sanded at the following rotational velocities. From left
to right: 0, 4,000, 6,000 OMP (top), 8,000, 10,000, 12,000 OPM (bottom).
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Figure 6.3. Images of adhesion tape test results for PEEK/CF samples sanded at various rotational speeds.
Sanding speeds 1-5 represent 4,000, 6,000, 8,000, 10,000, and 12,000 OPM. A and B denote copies of
identically treated samples.

Results from water contact angle (Fig. 4.1b) and AFM experiments (Fig. 6.2) showed a similar
trend. From the water contact angle results, one can see that the surface's polarity does not
significantly change upon the sanding. After the roughened surfaces were evaluated, samples
from this series were coated with epoxy primer and cured in the same manner as the previous
experiment. Tape test results for this series showed no correlation between roughness and
adhesion, with all samples had a low level of adhesion between 2 and 4 (Fig. 6.3).

Figure 6.4. SEM images of PEEK/CF sanded at various speeds. Clockwise from the top left: 0, 4, 6, 8, 10, 12
(x1000 OPM).
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The result

Table 6.1. SEM-EDS results for PEEK/CF sanded at various speeds.

Sanding
Rotational
Velocity (OPM)

Weight %
Carbon

Weight %
Oxygen

0

88.6

11.4

4,000

87.6

12.4

6,000

90.3

9.7

for the composite

8,000

88.7

11.3

samples. This

10,000

90.3

9.7

experiment was later

12,000

89.0

11.0

indicated that sanding
alone could not
significantly increase
the level of adhesion

repeated, substituting manual abrasion for sanding within the sample-holding apparatus under a
load of 85g. The intent of these changes was to increases uniformity between samples by
removing the human element from the procedure. Once the abrasion was complete, the samples
were imaged using a Scanning Electron Microscope (Fig. 6.4). Energy dispersive spectroscopy
(SEM-EDS) was performed using the same instrument, and the results are listed in Table 6.1.

Figure 6.5. Results from surface profilometry of PEEK/CF sanded at various speeds.
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Notably, it was observed that abrasion had little effect on the presence of oxygen at the surface
of the sample. This observation should be considered only as a suggestion since the resultant
anisotropy from the presence of carbon fiber makes precise measurement with this instrument
difficult. Profilometry and AFM were performed on this set of samples as well (Fig. 6.5-7). In
these results, we can see that surface roughness increases initially with increased rate of sanding,
decreases slightly in the 6,000 OPM range, and then continues to increase steadily as the rate is
increased to 12,000 OPM. We attribute this to a plasticization effect that occurs when the
substrate reaches its glass transition temperature, which is then overcome by the increased rate at
which material is removed at higher sanding rates. Fig. 6.6 seems to support this hypothesis as
AFM analysis reveals that surface undulations present in the ‘as-received’ material are worn
away at lower sanding rates (4,000-6,000 OPM), followed by a rougher and more random pattern
of erosion at higher sanding rates. Calculations for Ra and increase in surface area over flat as

Figure 6.6. AFM images of PEEK/CF sanded at various speeds. Clockwise from the top left: 0, 4, 6, 8, 10, 12
(x1000 OPM).
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calculated by the AFM software package (Fig. 6.7) with a surface area increase of approximately
15% over flat in the case of a high sanding rate (>10,000 OPM).

Figure 6.7. Surface roughness results for PEEK/CF sanded at various speeds as determined by AFM.
Roughness parameters Ra, Rq (a) and increase in surface area (b).

6.3 CHEMICAL ETCHING AND DEPOSITION OF REACTIVE POLYMERS
A PGMA layer was deposited on the PEEK/CF substrate, expecting the polymer would
bond with the roughened composite surface to form a thin anchoring layer with substantial epoxy
functionality. A set of composite plates was cleaned and abraded in a manner consistent with
previous experiments, although the weight applied during sanding was increased to 200 g to
further increase roughness. After sanding, the samples were sprayed with compressed nitrogen
gas to remove any debris and dip-coated from a 1% solution of PGMA in chloroform. Based on
model experiments conducted with this coating on a silicon wafer, we estimated the thickness of
the coating to be 27±7 nm. The plates were then coated with epoxy coating and cured overnight
at room temperature and for one hour at 65°C. Application of the adhesion tape test revealed a
positive correlation between sanding speed (roughness) and adhesive quality for the PGMA-
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Figure 6.8. Adhesion results for PEEK/CF samples sanded at different speeds and coated with PGMA.

dipped samples, with the best samples (speed 4, 10,000 OPM ) earning a grade of 6 out of 10
(Fig. 6.8). We concluded, however, that PGMA did, in fact, play a role in increasing adhesion
and that increasing surface roughness enhanced this effect synergistically.
The next step in the development process was implementing a procedure for chemical
etching using Fenton’s reagent. In order to determine the time required to achieve the desired
level of etching, a study was performed in which PEEK/CF substrates (which had been
previously cleaned and sanded) were
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Figure 6.9. Water contact angle of PEEK/CF treated with
peroxide for various times. Black: sanded. Red: unsanded.

hydrophilic surface with a water
contact angle of <20°. An image of
the peroxide etching setup can be
seen in Fig. 6.11. Additionally, these
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results showed that abrasive treatment
played a major role in achieving this
effect. It was concluded from this
experiment that overnight treatment
(initially used by us) was unnecessary,
and we decided that a treatment time of
2 hours would be sufficient for future
Figure 6.10. Water contact angle for PEEK/CF cleaned,
sanded and treated with peroxide for various durations.

investigations. For all future
experiments, verification of a water

contact angle <20° after peroxide treatment would be used to determine if the treatment had been
successful for a particular sample.
In the next batch of experiments, cleaning, sanding, 2 hour peroxide treatment were
performed on a series of samples that were then dip-coated with various concentrations of
PGMA from a chloroform solution. It was estimated
(from silicon wafer model experiments) that these dip
coats should produce PGMA coatings approximately 30,
60 and 100 nm thick. It was observed that the PGMA
coating increased the water contact angle from 10°
(post-peroxide treatment) to about 70-73° for all layers
deposited. This contact angle corresponds to the angle
measured for the complete PGMA layer deposited on a
silicon wafer. Thus, the surface of PEEK/CF composite
plates was quite uniformly covered with PGMA.

Figure 6.11. Image of peroxide treatment
setup with 8 PEEK/CF sample plates
arranged symmetrically around the inside
edge of a beaker.
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Figure 6.12. Adhesion results for PEEK/CF treated with peroxide and coated with PGMA with varying
thickness. Image of tape test results (left) and graphical representation of results (right.)

Tape test results of these samples coated with epoxy and fast cured produced the best
results with 100 nm PGMA-coated samples boasting an average grade of 9.33 (Fig. 6.12). As a
follow along experiment, the previously tested samples were immersed in DI water for 24 hours
before being subjected to a second adhesion tape test (Fig. 6.13). It was observed that adhesion
did not significantly decrease in the presence of water. In general, we concluded that deposition
of PGMA layer on the oxidized PEEK/CF surface dramatically improved the level of the
adhesion. It also appeared that the thickness of the anchoring layer does not affect the adhesion
strength to a high degree.
Another priority was to amend
the developed successful procedures
to eliminate an environmentally
unfriendly solvent, chloroform. We
began to study employment of
acetone as an alternative solvent for
PGMA during the dip-coating

Figure 6.13. Comparison of adhesion results for PEEK/CF
treated with peroxide and coated with PGMA with varying
thickness before and after 24 hours immersion in DI water.
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procedure. To compare, separate solutions with varying concentrations of PGMA were made in
chloroform and acetone. As model flat surfaces, silicon wafers were dipped into each of the
various solutions following the same dip-coating procedure used for PEEK/CF plates before
being evaluated via reflectometry and AFM. The reflectometry results suggested that PGMA
film thickness increases with increasing concentration in the chloroform solution but not the
acetone solution. We suggest this phenomenon is the result of atmospheric moisture being
drawn towards the surface of the composite as the acetone from the dip-coating evaporates.
Since PGMA is not soluble in water this causes the polymer to segregate into the honeycomb
pattern seen in the left image in Fig. 6.14. Therefore, the reflectometer is incapable of accurately
determining the thickness for optically heterogeneous films. Moving forward, we used AFM to
verify that dip-coating has resulted in a PGMA film deposition and measure the thickness of the
film using the AFM “scratch” method.

Figure 6.14. AFM images of PGMA coating produced from 0.4% (left) and 2% (right) PGMAacetone solution on model surface (silicon wafer).
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Two small trials with adhesion tape tests were conducted to gauge the effectiveness of the
PGMA-acetone dip-coating solution. First, two samples were cleaned, sanded and treated with
peroxide per usual and dip-coated with 0.4% of the higher weight PGMA from acetone before
being coated and 65°C cured. The results were encouraging, with the two parallel samples
grading at 8 and 9. The second trial sought to simplify the cleaning process by removing ethanol
and chloroform from the process and simply immersing the composite plates in acetone for 15
minutes prior to sanding. All other steps in the procedure were the same as the preceding
experiment and the results based on 4 samples were 7, 6, 9 and 10, proving that the cleaning
procedure used in all previous experiments likely exceeded what was necessary (Fig. 6.15).

Figure 6.15. Adhesion Tape Test results for chloroform-free process. Adhesion grade is noted in red above
each sample. The samples have been chemically etched and coated with PGMA.

6.4 DIP COATING WITH PGMA-BASED COPOLYMERS
A goal of this study was to synthesize a polymer that would readily form ether linkages to
bond with a sanded and etched PEEK surface while also swelling/reacting in the epoxy coating
during the curing stage. We hypothesized that the implementation of a polymer exhibiting both
of these qualities would result in a substantial increase in adhesion over what had been observed
previously. To test this hypothesis, a series of PEEK/CF plates were sanded, treated with
peroxide and dip coated with one of following four polymeric species: high molecular weight
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PGMA used in several previous experiments, PGMA-LMA-1 (a 9:1 mole ratio copolymer of
glycidyl methacrylate and lauryl methacrylate used previously, PGMA-LMA-2 (7:3 mole ratio),
and PGMA-BMA-1 (1:1 mole ratio copolymer of glycidyl methacrylate and butyl methacrylate).
Details for composition, molecular weight and glass transition temperature for each of these
polymers can be found in Table 4.1.
Each of these polymers was dissolved in acetone at 1% by weight for dip coating,
however, additional coatings were later performed with 2% wt. PGMA-LMA-1 and PGMABMA-1 in the attempts of achieving a more complete film coverage on the PEEK surface. 1%
wt. PGMA-LMA-1 and PGMA-BMA-1 were used to coat the plates that had been treated for
only 10 minutes. For each of the 8 experimental groups, 3 samples were “slow cured” at room
temperature over the course of 7 days and 3 were “fast cured” overnight at room temperature
followed by 1 hour at 65°C. Tape testing was performed following the established procedure.
Additionally, a series of Si wafers were dip coated in each of the new polymer solutions,
including the 2% wt. solutions and imaged using the AFM to help us to understand qualitatively
how well we were coating our substrates with this process.
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Table 6.3. Tape test results for different experimental treatments of PEEK/CF.

Group
Number

Peroxide
treatment
time (min)

Reactive
Polymer

Reactive
Polymer
Concentration in
Acetone (wt. %)

Average
Tape Test
Grade
(Fast cure)

Average
Tape Test
Grade
(Slow
cure)

1

30

PGMA-3
(Low MW)

1

3

2.67

2

30

PGMALMA-1
(9:1 mole
ratio)

1

10

7.67

3

30

PGMALMA-2
(7:3 mole
ratio)

1

5.33

7.33

4

30

PGMABMA-1
(1:1 mole
ratio)

1

7.67

6.33

5

10

PGMALMA-1

1

5

4.5

6

10

PGMABMA-1

1

5.33

8.33

7

30

PGMALMA-1

2

10

4.33

8

30

PGMABMA-1

2

10

2

Tape test results from this round of experiments were particularly encouraging, with three
separate experimental groups achieving three 10/10 grades under fast cure conditions (Table 6.3,
Fig. 6.16). Namely, 1% and 2% wt. PGMA-LMA-1 and 2% PGMA-BMA-1 all maintained their
PEEK-epoxy interface through the test. Less encouraging were the results from the room
temperature cured samples. In almost every case, there was a decrease of 2 or more points in the
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tape test grade between fast and slow cures. The only samples which saw an increased score
under slow cure conditions were 1%
PGMA-LMA-2 and 1% PGMA-BMA-1
(10 minute peroxide treatment), with the
latter boasting an average score of 8.33 for
the slow cure. In terms of film coverage on
the Si wafers, 2% PGMA-BMA-1 and 2%
PGMA-LMA-1 predictably showed the
highest degree of coverage, with both
producing a continuous film, albeit with a
Discarded
due to
sample
contaminati
on

number of holes on the order of 1 micron
diameter dispersed throughout the film
(Fig. 6.17). Conversely, the 1% PGMALMA-2 film appeared more skeletal, with
thin walls of polymer surrounding much
larger holes.

Figure 6.16. Adhesion Tape test results for various
experimental treatments outlined in Table 6.3.
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Figure 6.17. AFM micrographs of various polymeric species dip coated onto Si wafers.

Figure 6.18. Adhesion tape test results for PEEK/CF sanded, treated with peroxide and dip coated with 2%
PGLB1 from acetone. Fast cure (top), slow cure (bottom).
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Figure 6.19. Wet adhesion tape test results for PEEK/CF sanded, treated with peroxide and dip
coated with experimental polymer from acetone (fast cure). 2% PGMA-LMA-1 (top), 2% PGMA-BMA1 (bottom).

The next experiment conducted compared a promising interlayer candidate, a 2% wt.
PGLB1 film dip coated from acetone, to a 1% wt. PGMA-BMA-1 film dip coated from
chloroform which we believed would outperform the PGMA-BMA-1 films produced previously
from an acetone solution. Both of these samples were sanded normally, etched with 6% peroxide
and 2 mg/mL catalyst for 60 minutes and cured using the fast cure method. An additional set of
samples from the 2% wt. PGLB1 dip coat were held for 7 days for a room temperature slow cure
(Fig. 6.18). As a side experiment, the best performing samples from a previous tape test
experiment, 2% wt. PGMA-LMA-1 (fast cure) , 2% wt. PGMA-BMA-1 (fast cure) and 2%
PGMA-LMA-1 (slow cure) were submerged in DI water for 7 days and subjected to an
additional tape test (Figs. 6.19-20). These results did not conform to the wet adhesion test
procedure outlined by the ASTM which mandates that samples cannot be re-used (I.E. for a dry
adhesion test followed by a wet adhesion test), but still provided us with additional data for
previously tested samples.
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Figure 6.20. Wet adhesion tape test results for PEEK/CF sanded, treated with peroxide
and dip coated with 2% PGMA-LMA-1 from acetone (slow cure).

Considering the full body of tape test results for substrates treated with each of the
reactive polymers, we conclude that this approach is particularly effective in promoting
adhesion. Baseline adhesion experiments without treatment resulted in tape test grades of 2/10,
improving to 8/10 or greater in most cases when substrates were pre-treated with the three step
process of abrasion, chemical etching and deposition of a reactive interface. The optimization of
this process, however, will require additional work, particularly in the reactive polymer
deposition step. Each of the polymers evaluated in this work showed promise in some form or
another, but extenuating factors such as humidity, curing parameters and choice of solvent for
dip-coating, made it difficult to select a clear-cut best option at this point in time. Despite the
questions which still remain, several important conclusions can be drawn from the reactive
polymer experiments. We demonstrated that we could alter the glass transition temperature of the
interface and the epoxy coating by adjusting the proportion of GMA, LMA and BMA units
within our reactive polymer and that this, in turn, had an effect on the strength of the adhesive
bond. We determined also that dip-coating from a chloroform-based solution (as opposed to
acetone) was effective in minimizing the effects of humidity on the formation of a robust
interface. While consideration of the wishes of our industrial partners led us to favor acetonebased solutions for much of this work, we recommend that any future projects following our
example should begin with the chloroform-based dip coating method. Overall, it was shown that
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PGMA-based reactive polymers readily bond with oxidized PEEK substrates and with epoxy
coatings and provide a reliable interface between the two materials.
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CHAPTER 7
CONCLUDING REMARKS

7.1 CONCLUSIONS
Through diligent experimentation and careful study of the relevant literature, this
research project has demonstrated the potential of a novel method of treatment for PEEK and
other thermoplastic substrates to promote durable adhesion with epoxy. It was shown that
opportunity for innovation existed where current treatment options for PEEK surface
modification were limited by cost and scalability.
The first phase of the project concerned itself with mechanical abrasion as a means of
increasing the surface area of PEEK and PEEK-based composites. Our research demonstrated,
using consumer grade sanding equipment, that mechanical abrasion is a viable method for
increasing the roughness of a nominally flat PEEK surface and that such a method is useful in
establishing an environment for interfacial adhesion. In the present work, it was found that a
surface roughness, Ra, on the scale of approximately 1 micron provided the greatest benefit to
adhesive performance when considering the costs of rigorous abrasion both in terms of reduced
mechanical performance and material waste. While important to the overall performance of the
adhesive bond, it was shown that mechanical abrasion alone was not sufficient to achieve
durable adhesion.
Perhaps one of the greatest successes of the present research was the identification of
Fenton’s Reagent as an appropriate etchant/oxidizing agent for PEEK. We found that using
readily available laboratory chemicals, significant increases in surface energy could be achieved
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in a matter of minutes, bypassing the need for specialized oxidizing equipment. Opportunely, it
was observed that this wet etching process created the same oxygen-containing functional groups
produced by plasma and UV treatments of PEEK and that these species persisted for an extended
period of time following treatment. We hypothesize that a system based on this technology using
a sponge or cloth containing Fenton’s Reagent applied across a large PEEK surface such as the
wing of an aircraft could achieve similar results while limiting potential safety hazards and
drastically reducing costs when compared to plasma treatment.
The more technical portion of this research project concerned the development of a
reactive polymer with hybrid characteristics that would allow it to easily form bonds with PEEK
while also swelling into and co-curing with the epoxy. Based on prior research conducted by our
group on PGMA-based polymer anchoring layers, it was hypothesized that a simple dip-coating
of PGMA onto a pre-treated PEEK substrate would yield an increase in adhesive potential with
epoxy. While our results appear to support this theory, the practical application of such a
technique revealed a number of additional concerns. It was observed that simple formulations of
PGMA had a strong affinity for our epoxy in ambient conditions, often resulting in the diffusion
of the interlayer into the epoxy and away from the thermoplastic-thermoset boundary. To counter
this, we developed a number of PGMA-based copolymers with varying thermomechanical
properties and functional groups and found a particular formulation containing added butyl
methacrylate and lauryl methacrylate units appeared to better achieve the chemical ‘anchoring’
that we had envisioned and thus, more robust adhesion. Further research is necessary in this area
as the efficacy of this sub-process appears to be influenced significantly by humidity. The extent
of this humidity-dependence remains unexplored at this time. A challenge in this phase of the
treatment process was in identifying the proper mechanism for deposition of the interlayer. Our
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industry collaborators expressed a desire for a solvent-based deposition method which led our
experiments in the direction of dip-coating from acetone or chloroform. In doing so, we were had
to account for polymer-solvent interactions between the interlayer and solvents used for dipcoating as well as those found in the epoxy formulation we employed. In general, it was
concluded that a highly volatile solvent such as chloroform was most effective in producing a
strong bond between substrate and interlayer and lessened the chance for the interlayer’s
effectiveness to be degraded by the presence of moisture. Put another way, we believe that
application of a PGMA-based interlayer in a low humidity environment (either by graft
polymerization or by dip/spray coating from a fast-evaporating solvent) is vital to the formation
of a robust interface and stoichiometrically balanced epoxy phase.
Much of this project was application-driven and featured the particular case of a PEEKbased composite material coated with a robust aerospace epoxy. In terms of the overall
workload, more than half of the experiments were performed on this interface, rather than with
unmodified PEEK, meaning that many of the end-state conclusions drawn regarding adhesion
performance were conducted using these materials. It was beyond the scope of this project to
study in detail the unique challenges introduced by the composite structure and care should be
taken in extending conclusions from this portion of the research to the overall system,
particularly in terms of relative adhesion improvement measured by the adhesion tape test. We
are confident, however, that the basic concepts employed in our novel process are effective for
both unmodified and composite PEEK systems and likely other thermoplastic-thermoset
interfaces as well.
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7.2 FUTURE WORK

Continuing the work that has been performed in support of this project, several avenues
of exploration should be considered for future study. Firstly, it would be useful to quantify the
enhancements afforded by the treatment process we have discussed with the tensile testing
PEEK-epoxy lap shear joints. With this additional information, researchers would be able to say
more conclusively whether the improvements seen in coating adhesion translate to a structural
adhesive application as well. Also, considerations for processing conditions such as atmospheric
temperature and humidity should be looked at systematically in order to further optimize the
polymer interlayer deposition and epoxy curing regimes. Finally, the issue of iron contamination
from chemical etching that was considered briefly in our XPS experiments should be given
greater thought. While the addition of a few molecules of a magnetic species at the surface may
be insignificant in certain applications, this may be a greater cause for concern in others.
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